Introduction
Although 85% of new HIV cases are due to sexual transmission from men to women, little attention is being paid to the immune system in the female reproductive tract (FRT), and to how it meets the conflicting challenges of protecting from pathogens and permitting procreation. As a new approach we have tried to envision how HIV evades FRT mucosal immune protection and have been led to the unexpected conclusion that in a normal menstrual cycle, there is a window of vulnerability (7-10 days following ovulation) in which the potential for viral infectivity in the FRT is enhanced. During that period, aspects of the innate, humoral, and cell-mediated immune systems are suppressed by sex hormones to optimize conditions for procreation. Suppression occurs in the upper (Fallopian tubes, uterus, endocervix) and lower (ectocervix and vagina) FRT, and coincides with the recruitment of potentially infectable cells and upregulation of coreceptors essential for viral uptake. Implications of these findings are that the entire FRT is a potential target for HIV infection, immune cells and antibodies in blood are not surrogate markers for immune protection in the FRT, and immune protection against HIV will require an understanding of the hormone-induced regulation of humoral, cellmediated, and innate immune systems throughout the FRT.
The need to understand the interplay between the immune and endocrine systems in the human female reproductive tract Despite unprecedented efforts by scientists worldwide, the solution to the ever-growing HIV/AIDS crisis remains elusive. HIV/AIDS is unique in modern human history in its rapid spread, its extent, and the depth of its impact. Since the first AIDS case was diagnosed in 1981, the world has struggled to come to grips with its extraordinary toll. Approaching 25 million deaths worldwide with an additional 33.2 million (of which 15.4 million are women) estimated to be infected worldwide, HIV/AIDS will soon be the world's worst pandemic [1] .
With the recent failures of the Diaphragm trial, the Merck vaccine trial, and the Microbicide gel trial [2] [3] [4] [5] [6] along with recognition that for each person treated with antiretrovirals, six are newly infected with HIV [7] , it remains unclear when safe and effective protection will become available. The failure of apparently promising approaches highlights the urgency to better understand how to prevent HIV transmission in women. Women are approximately twice as likely to contract HIV infection from men as men are from women during vaginal intercourse [8] . Each year brings an increase in the percentage of women infected with HIV. In particular, women and girls make up about 57% of all people infected with HIV in sub-Saharan Africa, where a striking 76% of those with HIV in the 15-24 year age group are female [9] . In the United States, the proportion of AIDS cases reported among women increased from 7% in 1985 to 28% in 2005 [1, 8] .
Our interest in the reproductive tract immune system over the past 25 years has been refocused by the human tragedy of AIDS. As 80% of new HIV infections are due to heterosexual transmission, our efforts are concentrated on mucosal protection [10] . What is difficult to reconcile is that whereas the number of women infected has reached 20 million, the estimated rate of HIV transmission per coital act is low, 1 : 122 to 1 : 1000 [11, 12] . These findings suggest that, while transmission is related to the viral load [13] , exposure time following seroconversion [14] and pre-existence of other sexually transmitted infections (STIs), there exists within the FRT a window of vulnerability through which HIV, and probably other STI, can gain access to the body.
Lacking in many studies is an appreciation of the reproductive process and the complexity of the FRT. To understand the immunological response of the FRT to pathogenic challenge, one must first appreciate that, unlike other mucosal immune sites, the FRT has evolved to complement the reproductive events occurring each month. The FRT consists of five distinct anatomical sites (Fallopian tubes, uterus, endocervix, ectocervix, and vagina), which function separately yet in coordinated fashion. Each site is controlled by estradiol and progesterone. Extensive studies [15] have defined how these functions are synchronized to optimize the chances for successful fertilization, implantation, and pregnancy.
Our working hypothesis
Critical to the reproductive process is the ability of the immune system to distinguish between semiallogeneic sperm, an allogeneic fetal placental unit, and potential pathogens. Herein lies the problem of understanding the realities of heterosexual transmission of HIV from men to women at FRT mucosal surfaces. As have others, we have designed our studies to define the components of the immune system present in the FRT, how these protect against pathogens, and how they are controlled by sex hormones [16] [17] [18] . Recently, we challenged ourselves to understand how the physiology of the FRT can lead to increased vulnerability to viral infection. This led us to the following question: from a viral perspective, what times during the menstrual cycle come closest to being optimal for infection?
By examining multiple immunological parameters, as described in detail below, we reached the unexpected conclusion that within the FRT during a normal menstrual cycle, there is a period lasting 7-10 days when important components of innate, humoral, and cell-mediated immunity are suppressed by estradiol and/or progesterone, enhancing the potential for viral infection. Our working hypothesis is that immunological suppression occurs in both the upper and the lower FRT as an integral part of the physiological processes that underlie successful reproduction, and that this suppression coincides with recruitment of potentially infectable cells and upregulation of coreceptors on target cells that are essential for viral uptake.
Common misconceptions about the human female reproductive tract High on the list of misconceptions about the FRT are several items that have compromised research relevant to HIV. First, the lower FRT (ectocervix and vagina) is the only significant primary site of HIV infection. Recent observations [19] [20] [21] suggest that the upper FRT (endocervix and uterus) might also be a portal of entry for HIV following sexual intercourse. Second, the upper FRT is sterile. In reality, the upper FRT is continuously exposed to commensals and pathogens present in the lower FRT. Labeled-albumin microspheres and dyes as well as sperm enter the uterus and Fallopian tubes within minutes of placement in the vagina [22] [23] [24] [25] . Because HIV in the FRT can be cell-free, cell-associated, and attached to sperm [26, 27] , HIV is likely disseminated throughout the entire FRT within minutes of deposition in the vagina. Third, because the FRT lacks organized lymphoid follicles, it is not an inductive site for eliciting immune responses. In fact, lymphoid follicles are found in the uterus, and antigen-presenting cells (APCs) throughout the FRT can present antigen to naive and memory T cells [28] [29] [30] [31] . Moreover, when added to the vagina, Toll-like receptor (TLR) agonists enhance protection against immune challenge beyond that seen with vaccine alone [32] . Fourth, hormonal balance does not matter in immune protection in the FRT. As discussed in detail elsewhere, most aspects of the immune system in the FRT are hormonally regulated [18] . Finally, immune cells in the FRT are identical to those in peripheral blood. Both in terms of phenotype and immune function, subsets of blood leukocytes [including neutrophils, natural killer (NK) cells, monocytes, and T cells] mature and/or differentiate shortly after entering the FRT, becoming distinct from their blood counterparts [18, 33, 34] .
A series of observations from the 1960s to the present clearly defined the changing pattern of sex hormones in blood over the menstrual cycle and the consequences of these hormonal effects throughout the FRT. Under the influence of the hypothalamic-pituitary axis ( Fig. 1) , estradiol levels, which are low during the first half of the menstrual cycle (proliferative stage) rise and peak 2-3 days before ovulation. After ovulation estradiol levels transiently decline and then increase along with progesterone for 7-10 days (secretory stage), after which both decline to initiate menstruation. These hormonal changes prepare the vagina and cervix to optimize sperm survival and migration to the Fallopian tube where fertilization occurs. Hormones regulate the movement of the ovum into the Fallopian tube, the provision of nutrients for cell division, and retention of the fertilized egg at this site for 3-4 days. In the uterus, estradiol and progesterone prepare this site for implantation by providing an adequate vascular supply and nutrients both prior to and following implantation and successful pregnancy. Along with the reproductive functions, the sex hormones regulate the immune system in the FRT to protect against pathogens (including HIV) without rejecting sperm, zygote, and blastocyst.
Immune protection in the upper reproductive tract Figure 2 schematically illustrates how sex hormones regulate immune function in the upper FRT. Figure 2a depicts key immunological mechanisms. Each of these is essential for successful reproduction and directly or indirectly impacts pathogens that enter the upper FRT and threaten reproductive health. The ovals represent immune cell migration, cytotoxic T cell activity, coreceptor expression, antibodies and antimicrobials in secretions, and innate immune cells. Each plays a role in normal physiological defense functions [35, 36] . Figure 2b shows these immune mechanisms under hormonal influence. The expanding concentric rings represent estradiol released at mid-cycle along with progesterone released during the secretory stage of the cycle, which not only enhance immune cell migration into the uterus but alter the architectural relationship of these cells so that they form lymphoid aggregates throughout the endometrium [29] . These aggregates consist of a B-cell core surrounded by CD8þ T cells with a halo of macrophages. Occasionally, some aggregates consist of CD4þ T cells. Under hormonal control, aggregates increase in size from 300 to 3000-4000 cells, and in many cases make physical contact with the basolateral surfaces of epithelial cells lining the uterine lumen [29, 37] . White et al. [38] found that coincident with aggregate formation, CD8þ cytotoxic T lymphocyte (CTL) activity, measured in a redirected lysis assay, is suppressed in the uterus and Fallopian tubes during the secretory stage of the cycle. This suppression is confined to the upper FRT and occurs without any concomitant drop in CD8þ T cell numbers. We also found that uterine CTL from HIV-infected women displayed anti-HIV CTL activity that did not parallel that seen in blood [39] . In other studies, we found that epithelial cells in the uterus express CD4, CXCR4, and CCR5 and that expression on the apical surfaces of these cells varies with the stage of the menstrual cycle [19] . Of particular interest was our finding that all three coreceptors are under hormonal control: they are low during the proliferative stage of the cycle, peak at the time of ovulation and then either plateau (CXCR4, CD4) or decline (CCR5) during the secretory stage of the cycle [19] . Equally important are findings of others showing that immature and mature dendritic cells, when cultured with transforming growth factor-b (TGF-b), upregulate coreceptor expression (CXCR4, CCR5) [40] . Given that estradiol stimulates FRT secretion of TGF-b [41] , these studies suggest that estradiol may be acting indirectly to alter coreceptor expression on immune cells in the FRT. In Fig. 2b we suggest that estradiol/progesterone regulates antibody [immunoglobulin A (IgA) or immunoglobulin G (IgG)] movement from tissue to lumen in the upper FRT. This conclusion is based on our findings that the level of IgA receptor responsible for transporting IgA is elevated in uterine secretions during the secretory stage of the menstrual cycle [42] . Under normal conditions, however, IgA and IgG levels are low in uterine secretions and are therefore indicated with a single thin arrow.
An unexpected recent finding from our laboratory is that estradiol has direct effects on epithelial cell synthesis and secretion of b-defensins and secretory leukocyte protease inhibitor (SLPI), which have potent antimicrobial (bacterial and viral) activity [43, 44] . Using primary polarized epithelial cells, we demonstrated that estradiol enhances the secretion of these antimicrobials while simultaneously suppressing the secretion of proinflammatory chemokines and selected cytokines of TLR agonists [44] . In other studies [45] , we found that antimicrobial products secreted by epithelial cells are biologically active in that they inhibit the growth of gram-positive and gram-negative bacteria (Staphylococcus aureus, Escherichia coli), as well as Neisseria gonorrheae, Candida albicans and HIV (X4 and R5) (Fahey et al., unpublished results).
The upper left oval in Fig. 2b refers to three types of innate immune cells and indicates that through the direct and/or indirect effects of estradiol on TGF-b, other cytokines and growth factors [16, 41] , innate immune protection is damped. Sentman and colleagues demonstrated that uterine NK cells (CD56 bright) express relatively low levels of intracellular interferon-g (IFN-g) when cultured in the presence of uterine secretions. Under conditions of antibody neutralization of TGF-b, intracellular IFN-g production by uterine NK cells increased in cells stimulated with the TLR3 agonist, poly I:C [46] . The complexity of this system is further evidenced by our findings that estradiol attenuates lipopolysaccharide (LPS)-induced expression of IL-8 in monocytes. Treatment of monocytes with estradiol prior to LPS reduced IL-8 message and protein production [47] . These results suggest that estradiol acts through monocytes to suppress the migration of neutrophils in the FRT, which decreases innate immune protection. In contrast, when macrophages are challenged with LPS in the presence of estradiol, IL-1b secretion is enhanced, which leads to increased apical secretion of human b-defensin-2 (HBD2) by uterine epithelial cells and enhanced antimicrobial activity [48] . In other studies, we found that TGF-b acts on neutrophils to inhibit inflammatory degranulation and reduce the secretion of lactoferrin that could protect against pathogens but potentially damage the oocyte or fetus [49] . Sato et al. [40] demonstrated that TGF-b enhanced the chemotactic migratory ability of immature dendritic cells in response to CC and CXC chemokines while suppressing major histocompatibility complex (MHC) class II expression and presumed antigen recognition and presentation. Using the mouse FRT as a model system, we have found that estradiol suppresses antigen presentation by epithelial cells as well as APC in the uterine and vaginal stroma by downregulating MHC class II and CD80/86 expression ( [50] , Wira, unpublished observation). Taken together, these studies indicate several immunological parameters in the upper FRT are altered in response to increased hormone levels during the menstrual cycle. Whether sex hormone-induced increases in antimicrobials are sustained during the secretory stage of the cycle remains to be determined. According to our hypothesis, the high levels of estradiol at midcycle followed by the continued presence of estradiol and/or progesterone during the secretory stage of the cycle, prepare the FRT for conception at the risk of susceptibility to HIV and other infections.
Immune protection in the lower reproductive tract We have noted that in the lower reproductive tract sex hormones introduce a window of vulnerability separate from that of the upper FRT. Figure 3 illustrates some major immunological parameters in the ectocervix and vagina. Over the course of the menstrual cycle, subtle changes occur in migration of macrophages, B cells and neutrophils into the lower tract [28, 33] , and in dendritic cells entering the squamous epithelium [51] . In the ectocervix and vagina, in contrast to the upper FRT, we found that CTL activity was measurable in tissues from women at the proliferative or secretory stages of the menstrual cycle [52] . As in the upper FRT, we postulate that NK, neutrophils, and dendritic cell function is suppressed by TGF-b and HIV-coreceptor expression is enhanced on macrophage/dendritic cells. Of particular interest is the finding that coreceptors are expressed on epithelial cells in the ectocervix. Yeaman et al. [20] showed that basal and parabasal epithelial cells of the ectocervix express CD4, CCR5 and GalCer, unlike the midzone and superficial cells lining the lumen. Although changes in protein expression were not as pronounced as those seen in the uterus, histological evidence supported the conclusion that CD4 and CCR5 expression was greater during the proliferative stage than during the secretory stage of the cycle.
Other differences from the upper tract are the effects of sex hormones on secretions from the ectocervix and vagina. Schumacher [53] demonstrated that IgA, IgG, and lactoferrin levels in secretions declined 10-100-fold at midcycle, only to rise toward the end of the menstrual cycle. When women were placed on oral contraceptives, immunoglobulins and lactoferrin levels were suppressed for the duration of hormone exposure. In other studies, in which cervical mucus was evaluated from 5 days before to 3 days after ovulation, IgA and IgG had a biphasic pattern with a peak before ovulation followed by a small increase after ovulation [54] . Nardelli-Haefliger et al. [55] demonstrated that titers of antihuman papillomavirus 16 virus-like particle (VLP) IgG in cervical secretions dropped approximately nine-fold at midcycle during ovulatory cycles. These changes would not be expected to enhance viral infectivity in an immunologically naive individual, but might decrease resistance in individuals in which humoral anti-HIV responses were induced. Of importance is the midcycle decline in lactoferrin, produced by neutrophils, which has been shown to have anti-HIV activity [56] . Recently, we found that midcycle suppression by estradiol extends to endogenous antimicrobials in cervical-vaginal lavages (CVLs) [56] . Analysis of the concentrations of cytokines, chemokines, and antimicrobials in CVL indicated that SLPI, HBD2, human neutrophil peptide (HNP)-1-3, and lactoferrin dropped significantly at midcycle (day 13) and remained depressed for 7-10 days, returning to proliferative stage levels just before menstruation. In contrast, total protein and TGF-b levels remained unchanged throughout the menstrual cycle. In other studies, human intestinal defensin-5 was highest in CVL during the secretory stage of the menstrual cycle [57] . More recently, Cole and colleagues demonstrated an anti-HIV (X4 and R5) function of cationic polypeptides within human vaginal fluid and suggested a synergism between polypeptides and proteins in vaginal fluid [58, 59] . These findings support the proposal of Lehrer that the innate immune system contains a repository for future antimicrobial agents [60] . It remains unclear whether sex hormones act directly on immune cells and their secretions in the lower FRT, or whether changes are due to alterations in mucus content or volume. What is clear is that the ectocervical and vaginal secretions exhibit a pattern of innate immune protection that is physiologically suppressed at midcycle. Given that regulatory T cells are located throughout the FRTand are responsive to estradiol [61] , we postulate that the immune suppression of NK cells and dendritic cells in the ectocervix and vagina is similar to that seen in the uterus. Figure 3c depicts what we postulate to be the window of vulnerability for HIV infection in the lower FRT at midcycle and during the secretory stage of the menstrual cycle. Starting with a broad spectrum of physiological immunosuppression of antimicrobials in CVL secretions it appears that protection depends on CTLs in the ectocervix and vagina. Although immune cell migration might be expected to enhance protection, further suppression of immune cell function (NK cells, dendritic cells), when coupled with enhanced coreceptor expression, increases the potential for successful HIV infection at this time.
AIDS
Influence of oral contraceptives, menopausal status, and endocrine manipulation to HIV infection Of potential importance in the spread of HIV is the role of hormonal contraceptives. As reviewed by Baeten and Overbaugh, biological and epidemiological studies suggest that use of hormonal contraceptives could influence susceptibility (infectivity) to HIV and disease progression [62] [63] [64] . Not all studies have shown a relationship, and questions remain about contraceptive pills used (combination, depot, etc.), dosage, and length of use. Consistent with our hypothesis is evidence that oral contraceptives upregulate CCR5 expression on CD4þ T cells in the cervix, and that progesterone prevents the induction of mucosal responses in the FRT following intravaginal immunization with herpes simplex virus type 2 [65, 66] . Other studies [53, 55] show that oral contraceptives reverse the cyclic changes in total IgA and IgG levels as well as specific anti-HPV antibody levels in cervical secretions of women on oral contraceptives. Less clear is the extent to which postmenopausal status alters HIV susceptibility in women. The spread of STI in the elderly suggests that critical components of immune protection may be compromised. As discussed previously, we have found that epithelial cells from the uteri of postmenopausal women lack the capacity to secrete antimicrobials, relative to that seen with cells from premenopausal women [45] . In contrast, using a redirected lysis assay, we found that CTL activity in uterine tissues (CD8þ) from postmenopausal women is three to four fold higher [38] .
Implications
Over the past 35-40 years significant progress has been made in our understanding of how the immune system in the FRT is regulated for successful procreation. The studies we have presented have important implications for HIV research. First, attention must be paid to the entire FRT to understand the effects on immune protection. Sites for HIV infection exist throughout the FRT. Studies confined exclusively to the lower FRT may miss the pathophysiological processes involved in HIV infection. Second, subtle changes in hormone levels have profound effects on innate and adaptive immune protection. Failure to consider these changes may have dire consequences for interpretation of findings, particularly when hormones are administered to render animal models susceptible to infection. Although effects may be observed, continuous treatment or pharmacological doses of sex hormones may lead to erroneous conclusions. Third, immune cells throughout the FRT (NK cells, macrophages, T cells, and neutrophils) differ from their counterparts in blood, so blood immune cells cannot be used as surrogate markers for FRT immune function. Finally, recognizing that HIV infection is rapid, an effective vaccine to protect against heterosexual transmission must elicit humoral, cell-mediated and innate immune protection, as under physiological conditions all three function in complementary fashion throughout the FRT to confer protection.
In conclusion, our identification of a window for viral infectivity of 7-10 days during which components of innate, humoral, and cell-mediated immunity are suppressed by sex hormones, provides an opportunity for the development of experimental approaches to restore the needed protection without compromising procreation. Numerous vaccine/microbicide trials have been carried out or will be undertaken in future. Building on a strategy to determine how HIVevades FRT mucosal immune protection, trials need to include an awareness of how the innate and adaptive immune systems in the FRT fluctuate during the menstrual cycle. Similarly, attention needs to be paid to other factors such as commensals and pH in the FRT and the roles of semen in HIV infection. Overall, these studies suggest the consideration of approaches that would break endocrine immunological tolerance throughout the FRT that normally occurs during the menstrual cycle.
